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Doppler data generated with the Galileo spacecraft’s radio carrier wave during two
Europa encounters on 19 December 1996 (E4) and 20 February 1997 (E6) were used to
measure Europa’s external gravitational field. The measurements Indicate that Europa
has a predominantly water ice-liquid outer shell about 100 to 200 kilometers thick and
a deep interior with a density in excess of about 4000 kilograms per cubic meter. The
deep interior could be a mixture of metal and rock or it could consist of a metal core with
a radius about 40% of Europa’s radius surrounded by a rock mantle with a density of
3000 to 3500 kilograms per cubic meter. The metalllc core is favored If Europa has a
magnetic field.

Before the Galileo mission to Jupiter  there
was little information on Europa’s interior
structure. Its mean density of 3018 t 35 kg
m - 3 , determined from previous Jupiter mis-
sions (1),  is consistent with an interior of
hydrated silicate minerals with a thin ice
cover, or alternatively an interior of dehy-
drated silicate minerals with a thick ice
cover (2). Here we report  gravitational data
from two close passes of Europa by the
Galileo spacecraft, E4 and E6, that show
that Europa has a more complicated inter-
nal structure. Recent Galileo data have
shown that Ganymede is differentiated,
most likely into a three-layer structure with
a large metallic core, a silicate mantie  and a
thick outer layer of ice (3); 10 has a large
metallic core (4); and Callisto  is essentially
a uniform mixture of ice and rock (5).

The Galileo spacecraft flew by Europa
on 19 December 1996 (E4) and 20 February
1997 (E6) and measured the Doppler shift
in the spacecraft’s radio carrier wave. We
analyzed these data by fitting a parametri-
zed orbital model, including Europa’s grav-
itational field, to the radio Doppler data by
weighted nonlinear least squares (6). Euro-
pa’s external gravitational field was mod-
eled by the standard spherical harmonic
representation of the gravitational potential
(7). For the  assumption that the origin of
coordinates is at the center of mass and that
the orientation of Europa’s principal axes is
known because it rotates synchronously,
only three gravity parameters are needed to
specify the gravitational potential through
the second degree  and order (8).
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For the two encounters (9) the two grav-
ity ccwfficients are highly correlated, so we
imposed the apriori hydrostatic constraint
that Jz is 10/3 of (;zz. Also, because of an
inconsistency in results for E4 and E6, an-
alyzed independently, we added two third
degree gravity coefficients j3 and C,J to the
fitting model. The addition of these two
harmonics makes the results (Table 1 ) more
consistent and possibly indicates that there
are significant nonhydrostatic  components
in Europa’s gravitational field perturbing J2
and C22.  The Jupiter-Europa distance was
671,567,992 m during E4 and 671,569,331
m during E6, so the Jupiter tidal force at
Europa’s surface differed by a fractional
amount, 6 X l&6, between the two en-
counters. This difference is too small to
account for the inconsistency in the results.
Given that neither E4 nor E6 are ideal
encounters for a gravity-field determina-
tion, it is not possible to relax the J2 =
( 10/3 )C22 apriori  hydrostatic constraint or
to explore the physical significance of the
inconsistency between E4 and E6 in more
detail. Additional close encounters with
Europa, perhaps with a Galileo extended
mission or a future orbiter mission, could
reveal the true nature of this inconsistency.

Because of the apriori constraint, the
values of J2 and its ul~certainty  are nearly

10/3 of C22 (Tnble  1). There is essentially
one degree of freedom per encounter in the
second degree fie[d. The measured gravity
signals corresponding to the values of J2,
C2Z, Jl, and Cl] (Table 1) for E4 and E6
(Fig. 1 ) are above the noise level, even
though the large Doppler shift between the
pre-encounter  and post-encounter signal
can be absorbed in a number of other pa-
rameters in the model, most notably GM
and the spacecraft orbital parameters. The
last column of Table 1 represents a five-
dimensional weighted mean of results from
E4 and E6. The weighted mean for GM is
3202.86 Y 0.072 km]  S-2, where the error
represents our best estimate of realistic stan-
dard error ( lrJ),  as for all other errors re-
ported here ( IO).

We used the theory of equilibrium fig-
ures for synchronously rotating satellites
(11 ) to infer the internal structure of Eu-
ropa, as has been done for Io, Ganymede,
and Callisto  (3-5). For a body in rotational
and tidal equilibrium, C2Z is related to the
rotational parameter q, by

C** = (3/4)txqr (1)
where q, is the ratio of centrifugal to grav-
itational acceleration at the satellite’s sur-
face at its equator (q, = 4.97 X 104 for
Europa). The parameter u is a dimension-
less response coefficient that depends on
the radial distribution of mass within the
satellite (KS = 0.5 for constant density).

Given the differences in the values of J2

mvd Czz derived from the two encounters
with Europa, we explored separately the
implications of each set of gravitational co-
efficients for the internal structure of Eu.

ropa. We also considered the consequences
of weighted mean values of J2 and C22. We
considered only those inferred internal
structures that are robust or common to all
the sets of Jz and CZ2 values as plausible
interior models of Europa. For the E4, E6,
and weighted mean values of C22 (Table 1),
we find, from (1), that a is 0.172 2 0.082,
0.3501:0.034, and 0.310 f 0.032, respec-
tively. Values of a based on J2 are essential-
ly identical. These values ofa imply, on the
basis of equilibrium theoty,  that Europa’s

Table 1. Europa gravity results. Gravity parameters 3GA4/GA4, J2, C22, J3, and C33 are in units of 10-6,
The total mass (GM) is measured from a reference value of 3201 km3 S-2, ~ is the correlation coefficient
between J2 and C22.

—

Parameter (E4) (E6) Weighted
Mean

AGM/GM 588 ? 17 534.9 ? 8.3 545.9 ? 7.4
J2 215 2 102 438 ? 45 389 ? 39
c 65 ? 31 132 f 13 1 1 7  *12
J:z O*1O o  310 0.1 ? 7.1
c 33 6.2 z 5.8 0.4 t 2.1 0.6 t 1.9
F 09989 0.9945 0.9963
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. axial  rnornent  rr(inertia C, scaled by MR2,  is
0.h54 * 0.04], 0.347 t 0.014, and 0.330 I
0.014. All of these values are small com-
pared  with C/MR2  values of 0.4 for a uni-
form density body, 0.4 for Callisto  (5),
0.378 for Io (4), 0.334 for Earth, and 0,310
for Ganymede  (3). The smaller the value of
C/MR2, the larger is the density contrast
between the near surface and deep interior
of a body. lt is clear from the possible values
of C/MR2 for Europa that the satellite is
much denser at great depth,
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Fig. 1. Doppler residuals (observed Doppler ve -
Iaity minus model Doppler velocity) for the best fit
gravity model (filled circles) and a model in which
Europa’s gravitation{ field is represented only by
G&f (solid curve) at E4 (A) and E6 (B). For E4 the
Doppler velocity is defined by cAv/v, where Au is
the Doppler frequency shift referenced to the
spacecraft’s crystal oscillator (one-way Doppler
data), v is the transmitted frequency, about 2.3
GHz, and c is the speed of light. For E6 the Oopp-
Ier data are coherently referenced to a hydrogen-
maser frequency standard at the DSN station and
the Doppler velocity is defined by one half the E4
definition. Data included in the fit extend from 16
December 1996, 09:47:30 to 20 December
1996,02:57:30 UTC for E4 and from 16 February
1997, 16:32:30 to 20 February 1997, 21:58:30
UTC for E6. The gap in the residuals near closest
approach for E4 and E6 is caused by the occulta-
tion of the spacecraft radio signal by Europa as
viewed from Earth, The Doppler shift for the “GM
only” model is off scale after egress from occulta-
tion by about -48 mm S-l for E4 and about -66
mm S-l for E6 because of the perturbation to the
orbital velocity projected along the line of sight
caused by Europa’s second degree end h!gher
gravitational field components, The reduced noise
in the Doppler velocity at the becinning of the E6
data is caused by a larger sampling interval of 60s
as opposed to a sampling interval of 10 s for the
rest of the data shown,
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A more quantitative assessment of the
radial profile of Europa’s internal density
c a n  be obta ined  by so lv ing  Clairaut’s
equation ( 12) for the distortion of hydro-
static satellite models  to the rotational
and tidal driving forces experienced by
Europa, determining values of a from the
models, and constraining the models by
comparison with the inferred value of cr
for Europa. Europa’s measured average
density provides a second constraint on
possible models, but the availability of
only two constraints dictates that we con-
sider only simple models of Europa with a
minimum number of unknown parameters.
Accordingly, we investigated two and
three-layer models O( Europa.

The  surface of Europa is known to be
predominantly water ice, and it is thought
that the ice extends to depths of up to
perhaps a 100 kilometers. A global liquid
water ocean may lie beneath a relatively
thin (about  10 kilometers thick) cover of
ice (2). We therefore assumed that the out-
er shell in our models has a density appro-
priate to a predominantly water ice-liquid
composition. The relatively low density of
water ice-liquid compared to the density of
the rocks and metal that lie beneath the
water is in accord with the measured value
of a.

The two-layer models of Europa require
interior densities that are at the edge of the
envelope of acceptable silicate densities
(Fig. 2). For the E4/E6 mean value of C22,
the density of the deep interior must bc
greater than about 4100 kg m-3, too dense
for a silicate core (the core must be a mix of
rock and metal, with a substantial metal
component). The radius of the core in this
case is about 0.85 R~ (RE is the radius of

Fig. 2. Two-layer nwdels of Europa
consistent with its mean density
and C22, Results, based on the
weighted mean of the C22 values
from E4 and E6 (top) and the sep-
arate C22 values from E4 and E6
(bottom). The solid curves skw
results for tk nominal values of C2Z
and the dashed curves show re-
sults for the 31 u values of Czz. The
thin solid lines sianting from the up-
per left to the lower right give values
of core radius divided by Europa’s
radius, Possible two-layer Europa
models are defined by the pcmts
that lie along the C22 curves. The
points then define the models by
the outer and inner density values
on the coordinate axes and the nor-
malized core radius given by the
slanting thm solid Imes, C2Z values
are m units of 10-0,

Europa). Smaller, denser  cores with larger
metal  fractions, combined with thicker wa-
ter ice-liquid shells are possible. For the E6
value of Clz,  the minimum core density is
akmt 3800 kg m-],  just at the outer edge of
possible silicate densities (3). The E4 value
of(;zl is so small that Europa would have to
be similar to a sphere of Fe surrounded by a
shell of water ice-liquid. Based on these
two-layer models we conclude that Europa
must have a water ice-liquid shell at least
about 150 km thick surrounding a dense
interior with a substantial amount of metal
(density z about 4000 kg m-’).

In the three-layer models of Europa (Fig.
3), we assume that the core has the density
of Fe (80MI kg m-’)  or Fe-FeS (5 150 kg
m-)).  The  Galileo  magnetometer measured
magnetic field perturbations at its initial
encounter with Europa that are consistent
with the satellite possessing an intrinsic
magnetic field (13 ) and thus a metallic
core. For the E4/E6 mean value of CZ2 and
silicate densities of3000 to 3500 kg m-’,  an
Fe core would have a radius of 0.4 to 0.3 R~,
whereas an Fe-FeS core would have a radius
of 0.6 to 0.4 R~ (Fig. 3B). The water ice-
liquid shells in these models have thick-
nesses between about 150 and 200 km. For
mantle densities in excess of about 3800 kg
m- 3, Fig. 3B and the two-layer model results
show that smaller metallic cores are possi-
ble, but a substantial amount of metal must
be mixed into the mantle to achieve the
required high density of the mantle. Three-
Iayer model results for the E6 value of C22
(Fig. 3A) are similar; the main differences
are that the water ice-liquid shell thickness
is smaller (about 100 to 150 km) and that
the core is smaller or the mantle has less
metal.. The value of Czz is so small for E4
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“(Fi~.  X:) that only models with Fe c,,rcs ,,(
r,dius 0.6 to 0,5 RE and outer  water ice.
liquid shells between 300 and 400 km thick
are possible.

For a three-layer model with a mantle
density of 3300 kg m-],  typical of dehydrat-
ed silicates, and the E4/E6 mean value of
C22 (Fig. 4, A and C), the core radius would
be 0.4 to 0.3 R~ for an Fe core or 0.65 to
0.45 R~ for an Fe-FeS core, independent of
the actual density of the water ice-liquid
shell. For the Fe core, the water ice-liquid
shell is 125 to 250 km thick, and for the
Fe-FeS core the water ice-liquid layer is 125

Fig. 3. Three-layer mod-
els of Europa consistent
with its mean density
and Czz. Results baaed
on the C22 nominal value
from E6 (A) and the
weighted mean of the
C22 nominal values from
E4 and E6 (B). Separate
models are shown for Fe
and Fe-FeS cores. Mod-
el results for the E4 nom-
inal value of C22 lie out-
side the range of the
model parameters con-
sidered and are not
shown. Each surface is
the Ikmus of possible
models that satisfy the
constraints. A point on
one of the surfaces de-
fines a model whose pa-
rameters are specified
by the ice density, rock
density, and fractional

to 300 km thick. The  smaller Fe c[mx  in
these models make up about  11 to 2 I% of
Europa’s mass, wt)erea~  the larger iron-iron
sulfide cores in the models are about ]8 to

47% of Europa’s mass. The cores in the E6
models (Fig. 4, D and D) are smaller than
those in the E4/E6 models, and the water
ice-liquid layer thicknesses are also smaller
in the E6 models. The  E4 models with Fe
cores have large cores and thick water ice-
Iiquid shells (Fig. 4D), whereas E4 models
with Fe-FeS cores ilre only possible for the
+1c7 value of C22.

Although a large suite of three-layer Eu-

A

core radius on the coordhate  axes. The thickness of the Ice layer (water ice-liquid layer) in a model is
indicated by the color scheme on the surfaces of possible models,

Fig. 4. A cut through the
phase space of possible
three-layer models of
Europa, The restricted
class of three-layer mod-
els has a rock density of
33C0 kg m-s, The mod-
els are constrained by
the weighted mean of
the E4 and E6 C22 values
(A) and (C) and the sep-
arate E4 and E6 C22 val-
ues (B) and (D). The solid
curves show results for
the nominal values of C22
and the dashed curves
show results for the >
10 values of C22. A point
on one of these curves
defines a model whose
ice density, core mass
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fraction and fractional core radius are given on the coordinate axes. Ice layer ttllckness  in kilometers is
given by the thm solid curves that slope downward to the right. Separate results are shown for Fe cores
with density 8CQ0 kg m-3 (C) and (D) and Fe-FeS cores with density5150 kg m-3 (A) and (B). C22 values
are m urlits of 1 tYe.

ropa rn(xkls arc possible dcpnding  on  the

actual vil[~lt of Czl,  the core density, and
the der]sitlcs of the water ice- l iquid shell
and rock mantle, the gross features of these
models are all similar. In these models, Eu-
ropa has a metallic core about  0.4 RE in
radius and a water ice-liquid shell about 150
km thick. Although 10 is somewhat larger
than Europa, a possible model of Europa is
an lo-like interior surrounded by a shell of
water ice-liquid. Europa could have a sub-
surface liquid water ocean; our cletermina-
tion  of the low degree and order gravita-
tional coefficients cannot distinguish if the
water in the outer shell is solid or liquid.
Instead of a metallic core, Europa could
have a dense deep interior that is a mixture
of metal  and rock, but the presence of a
Europan  magnetic field, as implied by the
magnetometer data (13),  would argue in
favor of a metallic core in Europa as a
necessary site for magnetic field generation.
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The refefence  radius fcf Eurcpa  IS R = 1560 km.
The firs! enccwnta’  wth Eurcpa cm 19 Decenbsr
1996 occurr~  a! C% 52:577 UTC (5paC8Craft  tinw+
at ~ ahfub of 692 km (above the reference sphwe),
a lahtude  6 = -1,68’ and a Imgilucfe k = 323, Ie”
(east Ionglfude).  The seecmd  encounter on 20 Feb-
ruary 1997 occurred at 17 C6 102 UTC at an alt}-
tude of 586 km, a Ial!tude  b = -17.01” and a 10n9!.
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